The micronucleus assay in human peripheral blood lymphocytes is a sensitive indicator of radiation damage and could serve as a biological dosimeter in evaluating suspected overexposure to ionising radiation. Micronucleus (MN) frequency as a measure of chromosomal damage has also extensively been employed to quantify the effects of radiation dose rate on biological systems. Here we studied the effects of 8 MeV pulsed electron beam emitted by Microtron electron accelerator on MN induction at dose rates between 35 Gy min -1 and 352.5 Gy min -1 . These dose rates were achieved by varying the pulse repetition rate (PRR). Fricke dosimeter was employed to measure the absorbed dose at different PRR and to ensure uniform dose distribution of the electron beam. To study the dose rate effect, blood samples were irradiated to an absorbed dose of (4.7±0.2) Gy at different rates and cytogenetic damage was quantifi ed using the micronucleus assay. The obtained MN frequency showed no dose rate dependence within the studied dose rate range. Our earlier dose effect study using 8 MeV electrons revealed that the response of MN was linear-quadratic. Therefore, in the event of an accident, dose estimation can be made using linear-quadratic dose response parameters, without adding dose rate as a correction factor. Arh Hig Rada Toksikol 2010;61:77-83 The micronucleus (MN) assay has been suggested as a reliable alternative method to scoring chromosome aberrations such as dicentrics and rings (1, 2). It allows for the screening of much larger numbers of cells. Furthermore, MN in cytokinesis-blocked binucleated lymphocytes have been used to quantitatively assess the absorbed dose in cases of suspected radiation exposure and situations involving radiation accidents (3). The dose-response curve of MN frequency in peripheral blood lymphocytes induced by low linearenergy-transfer (LET) radiations is best described by linear-quadratic function (4-7). The slope of the dose-response curve, which represents a numerical measure of aberrations induced by single radiation track events, is usually independent of the dose rate.
The micronucleus (MN) assay has been suggested as a reliable alternative method to scoring chromosome aberrations such as dicentrics and rings (1, 2) . It allows for the screening of much larger numbers of cells. Furthermore, MN in cytokinesis-blocked binucleated lymphocytes have been used to quantitatively assess the absorbed dose in cases of suspected radiation exposure and situations involving radiation accidents (3) . The dose-response curve of MN frequency in peripheral blood lymphocytes induced by low linearenergy-transfer (LET) radiations is best described by linear-quadratic function (4) (5) (6) (7) . The slope of the dose-response curve, which represents a numerical measure of aberrations induced by single radiation track events, is usually independent of the dose rate.
The quadratic component that refers to an interaction between effects from two or more independent tracks is dose rate dependent, and its magnitude depends on the time interval between the two tracks (8) .
The dose rate effect of radiation is a biophysical phenomenon and is a consequence of repair of sublethal damage. Several earlier studies have suggested that even though it is quite obvious that radiobiological damage decreases with the dose rate, this does not work the other way around when the dose rate rises above a certain level (5, (9) (10) (11) . However, there are conflicting reports regarding the dose rate effect studied in different types of cells (12) (13) (14) (15) .
Our earlier dose-effect study using 8 MeV electrons revealed that the response of MN was linear-quadratic in nature (16) . Since the quadratic (b) coeffi cient of the dose-response curve is dose-rate-dependent and dose assessment is done using dose-response parameters, it is essential to have data for a wide range of dose rates, particularly those encountered in the working environment. These are most relevant for radiological protection and for understanding the biophysical aspect at different dose rates in biological dosimetry. Furthermore, it is well understood that dose rate must be considered when evaluating radiation risks (17) . Information is not available in literature on the effect of dose rate on the induction of MN in human peripheral blood lymphocytes exposed to 8 MeV pulsed electron beam in the average dose rate range of 35 Gy min -1 to 352.5 Gy min -1 at an instantaneous dose rate of 2.6 x 10 5 Gy s -1 (dose per pulse is 0.6 Gy and pulse width is 2.3 µs). Therefore, the aim of this study was to establish MN yield induced at different dose rates of the 8 MeV electron beam. We hoped to obtain useful results that would help to correct the quadratic coeffi cient of the dose-response curve previously obtained for 8 MeV electrons. We also assumed that the results would be relevant for radiotherapy.
MATERIAL AND METHODS

Blood sampling
Whole blood was collected in a heparinised vial by veinpuncture from a healthy 27-year-old male donor without any history of radiation exposure. The blood was stored at 4 °C immediately after collection for half an hour.
Dosimetry
Radiation doses administered to blood samples were measured using the Fricke dosimeter. Electron beam current was measured using a fast current transformer (FCT) and the corresponding electron numbers were counted using a current integrator (CI). The number of electrons in the CI was calibrated against the absorbed dose using the Fricke dosimeter. Dosimetry was carried out at 30 cm from the beam exit point of the accelerator at room temperature (25 °C) . It also served to calibrate CI reading against the absorbed dose for different PRR and to establish the area with uniform dose distribution at sample position. At 30 cm from the beam exit point uniform dose distribution was established on a fi eld sized 4 cm x 4 cm, which is similar to an earlier report with a ferrous sulphate-benzoic acid-xylenol orange dosimeter (18) . The fi eld size was measured in water phantom at 3 cm depth (18) .
Irradiation
The source of high dose rate electron beam was a pulsed mode circular Microtron accelerator at Mangalore University, India. The machine can provide maximum pulse current of 50 mA with pulse width of 2.5 µs (for details see ref. 19) . In this study, 1 mL blood samples were exposed to an average dose of (4.7±0.2) Gy at different dose rates in an identical geometry as that of dosimeter. Just like dosimeters, samples were irradiated at the distance of 30 cm from the electron beam exit point. Figure 1 shows a photograph of the accelerator with a schematic diagram of irradiation set up. During irradiation, dose per pulse was kept constant and exposure times changed according to PRR to achieve the desired absorbed dose. The pulse lasted 2.3 µs and the mean dose per pulse was 0.6 Gy, which corresponds to a mean dose rate of 2.6 x 10 5 Gy s -1 . 
Culturing and processing technique
The MN assay was performed as described by Fenech and Morley (20) with a few modifi cations. After irradiation, 1 mL blood samples were cultured with 9 mL of RPMI-1640 (Sigma, USA) medium supplemented with 20 % foetal calf serum (Sigma, USA) and phytohaemagglutinin (Sigma, USA). The cells were cultivated in sterile disposal culture tubes in an incubator at 37 °C. Cytochalasin-B (5 µg mL -1 , Sigma, USA) was added after 44 h of incubation to block cytokinesis. Cultures were harvested at 70 h and treated with a mild hypotonic solution for 6 min. The cells were fi xed with a fi xative containing a mixture of acetic acid, 0.9 % NaCl, and methanol (6:12:13, respectively) for 6 min and washed three times by centrifugation with a fi xative containing acetic acid and methanol (1:4) . Finally, the cell pellets were mixed gently with about 0.5 mL of fi xative and spread on clean cold slides. The slides were stained with a 0.125 % solution of acridine orange and observed using a fl uorescent microscope with a FITC fi lter under 400x magnifi cation. Only binucleated cells surrounded by cytoplasm and cell membrane were eligible for scoring MN using the criteria described by Heddle (21) . Cells with two fused nuclei or with broken cytoplasm were ignored. Binucleated cells containing one or more MN were noted separately.
Statistical analysis
MN distribution in irradiated lymphocytes was analysed using the Papworth's u-test (22) . Positive and negative u value indicates overdispersion and underdispersion, respectively, in respect to perfect Poisson's distribution (u=0). If the value of u is greater than ±1.96, then the dispersion is signifi cant at 95 % confi dence level (23) .
The results were statistically processed and the signifi cance was estimated using the Student's t-test (one sample t-test). Differences were considered signifi cant at p<0.05.
RESULTS
No variation in the absorbed dose was observed when the dose was given at different PRR ( Figure  2 ). Each data point represents the average of four measurements. Figure 3 shows the electron dose distribution in the horizontal and vertical plane at 30 cm distance from the beam exit window, measured using the Fricke dosimeter. We evaluated the 4 cm x 4 cm fi eld with uniform dose distribution keeping within the 95 % confi dence limit. The dosimetry standard was compliant with national standards and the physical variables such as dose rate and dose per pulse used in this study were within the limit of Fricke dosimeter (24) . Table 1 shows the total exposure time and time gaps between the pulses, corresponding to the number of PRR. Total exposure time in each case was calculated using the average dose (0.6 Gy) per pulse and the corresponding number of pulses used per second to deliver the absorbed dose of (4.7±0.2) Gy. The average dose rate was calculated by dividing absorbed dose with the total exposure time. The time gap between the pulses was also calculated. Table 2 shows the distribution of MN in binuclear cells and their yield by average dose rates. As the dose per pulse is not constant, minor variation in the values was expected (see Table 1 ). For all the dose rates used we observed underdispersion with respect to the Poisson distribution. The results clearly show that MN yield induced at different dose rates did not signifi cantly differ (p=0.58, t=0.60, DoF=4). 
DISCUSSION
Micronucleus frequency in lymphocytes exposed to low LET radiation such X-rays, gamma rays, and electron beams increases linearly-quadratically with the absorbed dose, indicating a contribution of both single and multi-track lesions (16, 25, 26) . Therefore, MN frequency is clearly infl uenced by dose rates. However, MN frequency in lymphocytes exposed to pulsed electron beam at very high dose rates is low. In ultra-short pulse X-ray or electron irradiation, the effect at the molecular level involves a number of temporal sequences of physical, chemical, and biological events. In our study, temporal events did not infl uence the biological response as measured by MN frequency, either due to different ultra-high dose rates or due to changes in pulse frequency. Earlier studies of pulse irradiation are controversial, some reporting a decrease, and others increase or no variation in biological effects with dose rate (12, (27) (28) (29) (30) . Most of the earlier results suggest an increase in biological effects up to a dose rate of 1 Gy min -1 and no further increase unless doses were delivered in very short pulses. However, the cell survival study by Hornsey (15) suggests that the dose rate of 60 Gy min -1 is more damaging than 5 Gy min -1 . The author suggested that dependence of sensitivity on dose rate was inherent to the cells rather than to radiation-induced change in the cell environment. Our wider dose rate range (35 Gy min -1 to 352.5 Gy min -1 ) has shown no dose rate effect on MN frequency, which is in agreement with results reported by Purrott et al., (10) for dicentrics at high dose rates.
As the dose rate increases in the ultra-high dose rate region, high radical concentration in a very short time can alter the probabilities of radical-radical and radical-target interactions, including the biological response. However, our study showed no infl uence of the dose rate on either radical recombination or radical accumulation that would alter MN frequency. Many studies have shown remarkable variation in biological damages with pulse frequency. Bellucci (31) showed that 20 pulses per second was the most lethal dose rate for cells in the pulse range of four to 24 pulses per second, while Hood and Norris (32) found no variations in lethality of normal and malignant human cells exposed to pulsed X-ray in the wide range of 1x10 5 to 3x10 5 pulses per minute. A signifi cant depletion in oxygen concentration was demonstrated when doses were given in a single pulse. However, the same dose delivered in two pulses separated by 2 ms did not deplete oxygen (33) . Pulse duration in our experiment is of the same order (µs) as that used by Town (33) , but the dose per pulse (45 Gy) used by Town was very high compared to the 0.6 Gy per pulse used in our study. High dose per pulse may infl uence cell micro environment and alter radiosensitivity, whereas small dose per pulse may not do so. This suggests that mean instantaneous dose rate may also affect radiation response. In this study, the micronucleus assay was made on a blood sample collected from a single donor. However, detailed studies with blood samples of different donors are needed to understand the inter-donor dependence of MN frequency on dose rates.
Computer-controlled radiotherapy technology has encouraged investigation of pulsed dose rate as a replacement for conventional low dose rate treatment. In intensity-modulated radiation therapy, dose rate can be described by many physical variables like instantaneous dose rate, PRR, beam on time (pulse width) and delivery time (average dose rate), which requires a clear understanding of biological response to different physical variables (34).
CONCLUSIONS
Our study has shown no significant relation between MN frequency in lymphocytes and dose rates between 35 Gy min -1 and 352.5 Gy min -1 or changes in pulse frequencies from one to 10 pulses per second. This suggests that changing the off time in the electron pulses does not affect biological response. Those small variations we observed in MN frequencies/yields are well within the limits of statistical signifi cance. Our present and earlier dose effect study suggests that in the event of an accident, the dose can be estimated using linear-quadratic dose-response parameters without adding a dose rate correction factor.
